Background: The monitoring of antimicrobial resistance (AMR) in microorganisms that circulate in the environment is an important topic of scientific research and contributes to the development of action plans to combat the spread of multidrug-resistant (MDR) bacteria. As a synanthropic vector for multiple pathogens and a reservoir for AMR, flies can be used for surveillance. Methods: We collected 163 flies in the inner city of Berlin and examined them for extended-spectrum β-lactamase (ESBL)-producing Escherichia coli genotypically and phenotypically. Results: The prevalence of ESBL-producing E. coli in flies was 12.9%. Almost half (47.6%) of the ESBL-positive samples showed a co-resistance to ciprofloxacin. Resistance to carbapenems or colistin was not detected. The predominant ESBL-type was CTX-M-1, which is associated with wildlife, livestock, and companion animals as a potential major source of transmission of MDR E. coli to flies. Conclusions: This field study confirms the permanent presence of ESBL-producing E. coli in an urban fly population. For continuous monitoring of environmental contamination with multidrug-resistant (MDR) bacteria, flies can be used as indicators without much effort.
Introduction
The rise of antibiotic-resistant Gram-negative bacteria poses a serious threat to health, food security, and prosperity on a global scale. Monitoring reports demonstrated that the prevalence of extended-spectrum β-lactamase (ESBL)-producing Enterobacteriaceae resistant to penicillins and third generation cephalosporins has been increasing significantly since the turn of the millennium [1] [2] [3] [4] . Particular attention is paid to Escherichia coli, a common cause of urinary tract, wound, and bloodstream infections. Its omnipresence in various habitats and its ability to acquire resistance genes via mobile genetic elements enables E. coli to rapidly disseminate antimicrobial resistance (AMR) between humans, animals, and the environment. To understand the pathways connecting different reservoirs of ESBL-producing E. coli and to learn about the factors having an impact on colonization and transmission in humans and animals, the surveillance of resistant E. coli from the environment and different populations might offer a missing piece to the AMR puzzle. Studies on livestock and companion animals confirmed the wide spread of various ESBLs in E. coli, and findings on the presence of ESBL-producing E. coli in wild animals, wastewater, and surface waters are broadening the picture [5] [6] [7] [8] .
Synanthropic animals cohabiting with humans show a high potential as vectors for the transmission of pathogens and resistances. Insects work as environmental proxies that might indicate areal contamination with multidrug-resistant (MDR) bacteria, such as ESBL-producing E. coli [9] [10] [11] [12] . Synanthropic flies in particular can reflect the resistome of their habitat as they feed and breed on organic material such as garbage, wastewater, feces, and carrion. MDR bacteria can colonize the intestines of filth flies and horizontal transfer of AMR genes in the alimentary canal has been reported [13] [14] [15] . The prevalence of E. coli isolated from flies varies between 10.5% and 76.3% globally [16] . A single study of flies in Germany in 2011 revealed that 27% of collected samples carried one or more strains of E. coli [17] . We conducted a cross-sectional study in the urban center of Berlin in 2016 to gain data on the current prevalence of ESBL-producing E. coli in flies. Using the Pearson chi-square test, there was no significant association (significance level 0.05) between the site and the presence of ESBL-producing E. coli in the fly sampling (χ 2 = 4.439; d = 3; p = 0.218). Since for residential area A, an expected value of <5 ESBL-positive flies (3.35) was found in the contingency table, a robust method (Monte Carlo simulation) was used to confirm the results from the chi-square test (p = 0.223).
Materials and Methods
In ten fly samples that had been confirmed with ESBL-producing E. coli (6%), a co-resistance to fluoroquinolones (ciprofloxacin) was detected. Five ESBL-positive fly samples (3%) showed additional non-susceptibility to the group of folic acid antagonists (trimethoprim/sulfamethoxazole). No resistances to carbapenems or colistin were detected. Genes encoding CTX-M-type ESBLs were identified in 22 out of 24 ESBL-producing E. coli (92%) isolated from 21 fly samples, and CTX-M-1 was the most prevalent type (15/24; Table 2 ). The genes bla CTX-M-15 , bla CTX-M-14 , bla SHV-12 and bla CTX-M-3 were detected in four, two, two, and one isolates, respectively. Furthermore, the plasmid-mediated gene qnrS1 contributing to quinolone resistance was found in 13 of the 24 isolates. Using PCR-based assays, the 24 ESBL-producing E. coli isolates could be assigned to phylogenetic groups A (14 isolates), D (8 isolates), and B1 (2 isolates). No E. coli-ST131 was confirmed using PCR. PFGE typing revealed that the 24 isolates belonged to 14 different E. coli clones, whereby the same clones occurred only at the same sampling sites ( Table 2 ). For seven of the 14 E. coli clones, conjugative transfer of the ESBL genes (5 bla CTX-M-1 , 1 bla SHV-12 , and 1 bla CTX-M-3 ) was successful; co-transfer of qnrS1 was observed for two clones. The ESBL gene-carrying plasmids were of various sizes (35kb-160kb, Table 2 , Figure S1 ). Sites: H-hospital, Z-zoo, RA-residential area A, RB-residential area B; PMQR, plasmid mediated quinolone resistance; * plasmids containing the ESBL gene, transferred using broth mate conjugation assay in E. coli J53 Azi R ; plasmid size was determined using S1-nuclease-PFGE analysis (see Table S1 ); n.t. not tested-transfer of resistance by both mate conjugation was not successful; PCR amplicons of bla TEM-like and bla LAP-like genes were not sequenced.
Discussion
The present study analyzed genotypical and phenotypical characteristics of ESBL-producing E. coli in flies collected in an urban area in Germany. All flies from our sampling were assigned to the families Calliphoridae, Muscidae and Sarcophagidae that are well studied as vectors for various potential pathogens and/or reservoirs of AMR [16, 33, 34] . The identified ESBL prevalence rate of 12.9%; (n = 163) showed no significant difference compared to the results from two earlier studies in the Netherlands, which examined flies on poultry farms in 2011 (10.5%, n = 87) and 2012 (15.0%, n = 73); (χ 2 = 0.127; d = 1; p = 0.722) [11, 21] . Under careful consideration of deviating geographical location and a time interval of five years, flies from rural and urban areas seem equally affected by the spread of AMR.
Our results support the findings of previous studies that associated synanthropy with the presence of MDR Enterobacteriaceae not only in livestock and companion animals, but also in rats, gulls and insects [35] [36] [37] . However, ESBL prevalence rates and antibiotic susceptibilities can vary significantly by sampling site, which implies geographical clustering that needs to be considered to a local scale [38, 39] .
For interspecific comparison there is data available from a similar study carried out in Berlin in 2010. 56 brown rats were screened for ESBL-producing E. coli and a prevalence of 16% was determined [36] . In hospitalized patients colonization rates of ESBL-producing E. coli was slightly below the values reported for rats and flies (11.7% on admission) in a study conducted at the Jena University Hospital between 2013 and 2015 [40] . However, a prevalence of ESBL-producing E. coli up to 70% was detected in samples taken from 150 German livestock farms [41] . Especially in cattle and pigs, but also in poultry, zoo and companion animals CTX-M-1 was the most frequent ESBL type [42, 43] . A commonly identified pattern containing ESBL gene blaCTX-M-1 in combination with E. coli of phylogenetic group A was also confirmed to be predominant for flies in our study [41, 42] .
By contrast, infections with ESBL-producing E. coli in humans are predominantly associated with ESBL-type CTXM-15 (>50%) and E. coli of phylogenetic group B2, with E. coli O25b:H4-ST131 being the most common clonal lineage (up to 40% of all ESBL-producing E. coli) [40, 44, 45] . Neither E. coli-ST131 nor isolates of phylogenetic group B2 were confirmed in our study. However, these studies also report that 25-30% of the ESBL-producing E. coli from hospitalized patients and outpatients are CTX-M-1 producers assigned to E. coli of phylogenetic groups A and D (7-30%) [45] . We assume that animals or their feces as primary sources of transmission of MDR E. coli to flies but also excrements of colonized humans may play a role. Feed or water sources such as waste and sewage are worth considering [46] [47] [48] [49] [50] . In a Spanish study the plasmid mediated gene qnrS that contributes to quinolone resistance was found to be associated with urban wastewater samples [51] . We confirmed qnrS in 54.2% (13/24) of our ESBL-producing E. coli isolated from flies.
Results from the molecular analysis coincide to large extend with those from a study conducted in the urban and rural areas near the city of Munster (450 km West of Berlin) in the summer of 2015: Schaumburg et al. reported CTX-M-1 to be the most prevalent β-lactamase in isolates of ESBL-producing E. coli in flies [39] . Phylogenetic group A was detected in 79.6% of isolates (in our study 58.3%) and phylogenetic group B2 was not confirmed for flies. In both studies phylogenetic group D isolates were the second most frequent. While phylogenetic group A and B1 usually are associated with commensal E. coli strains, phylogenetic group D is associated with more virulent extra-intestinal strains and infections in humans [52] . Data from Munster and Berlin differed with regards to ESBL gene bla CTX-M-14 that was found in two samples (1 E. coli clone) but not in Munster. Studies showed low prevalence of CTX-M-14 in livestock in Europe (4-7%) [42, 44] . Bacterial strain typing and conjugation experiments on our study isolates demonstrated a high diversity of different E. coli clones in flies that had acquired different ESBL genes, mainly bla CTX-M-1 , that were located on plasmids of variable size. Further and deeper investigations, e.g. whole genome sequencing analyses, are necessary for a better understanding of the environmental contamination by AMR and the pathways of transmission.
The present work has some methodological limitations. The target sample size of n = 163 was not equally distributed across the sampling sites. A deviating prevalence of ESBL-producing E. coli between the two residential areas (RA 0%, n = 26; RB 19.1%, n = 42) is noticeable, yet no significant difference was statistically proven. A possible explanation for the absence of ESBL-producing E. coli in residential area A (RA) is the fact that most of the flies were caught in relatively closed interiors (apartments that are regularly ventilated). In contrast residential area B (RB) was characterized by backyards with green areas where much of the flies were caught. Outdoor flies are more likely to be in contact with known reservoirs of ESBL-producing E. coli such as dog feces [53] . Increasing the sample size and the spatial and taxonomic resolution may influence the study results.
Conclusions
We confirmed the presence of ESBL-producing E. coli in 12.9% of the flies caught in the city of Berlin. We identified predominantly plasmid-encoded ESBL-type CTX-M-1 and E. coli of phylogenetic group A. Isolates could not be linked to a specific source, but we considered an animal origin, presumably livestock, zoo, or companion animals. Our study strengthens the scientific assumption of a progressing environmental pollution via AMR that refers to a common source from humans and/or animals and extends across multiple routes of dissemination. Further investigations of the urban resistome seem to be necessary and whole genome sequencing would be the method of choice. Future research should focus on the acquisition of complementary data from environmental, veterinary, and human samples. Surveillance of AMR in Enterobacteriaceae should be established as an integral part of a global public health policy.
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